ABSTRACT In order to overcome the disadvantage that the dynamic sliding mode surface of the discrete global sliding mode control has a too long evolution time, a quick discrete global sliding mode control method is proposed. A decay function of the dynamic sliding mode surface which can decay to zero in the finite time is constructed. Thereby, the dynamic sliding mode surface can evolve into the linear sliding mode surface at the given time. Thus, the method not only is strong global robustness, but also can quicken the response of the system and shorten the transition time. The method can be applied in the tension control system of the time delay carbon fiber multilayer diagonal loom. Simulation results prove the validity of the method.
I. INTRODUCTION
Many complex engineering problems are hard to be controlled by the traditional control methods [1] , [2] , so some advanced control methods are proposed to resolve these problems [3] - [5] , such as the T-S fuzzy control for timevarying delay systems, robust adaptive control for precision motion control systems, the synchronous control of hysteretic chaotic neuron for the secure communication, and so on. With the development of sliding mode control theory, sliding mode control has been widely used in many discrete systems [6] - [8] . One of the typical applications of sliding mode control is used in the tension control system of the looms. An adaptive sliding mode controller is designed for warp tension control in [9] . The sliding mode control method is utilized to handle parametric uncertainties and an adaptation method is utilized to estimate the external disturbance in [9] . Some comparison between the PID controller and the conventional sliding mode controller are also performed. A linear feedback control system based on the sliding mode control is designed for a web winding system with multimotor in [10] , which could decouple the velocity and the tensions. An innovation-guaranteed cost sliding mode control method is researched by Wang et al. [11] . A sliding mode surface function is obtained by linear matrix inequalities and guaranteed cost technique, which could ensure the system robustness with a good performance [11] . However, the application of sliding mode control in the servo motor driving system which is designed for tension control is still relatively rare, especially in the carbon fiber multilayer diagonal loom. There are some nonlinear factors, such as time-delay, external interference, and parameter uncertainty, in the carbon fiber multilayer diagonal loom. It is hard to control the carbon fiber multilayer diagonal loom by the traditional control method.
The response of the conventional sliding mode control system is composed of the reaching mode and the sliding mode. However, the robustness to the uncertain of the internal parameters and external interference exists only in the sliding mode phase. That is, the conventional sliding mode control system has not the global robustness [12] - [14] . For this, a global sliding mode control based on the uncertainty of the controlled plant is proposed to track the trajectory of the brushless DC motor in [15] . Based on this, the theory of the global sliding mode control has gradually been improved and perfected [14] , [16] - [18] . A global sliding mode control law is designed for the discrete system in [19] . The trajectory of the system can fall into the switching surface at the beginning, and the convergence time of the system can be shortened. In [20] , a global sliding mode control based on genetic algorithm is proposed to optimize the control performance. A simple discrete-time global sliding mode control which can reduce the chattering is proposed for Buck converter in [21] . In [22] , combining the fuzzy theory, a global sliding mode control based on the exponential reaching law is proposed to speed up the convergence of the system.
The global sliding mode control can make the controlled system be in the sliding mode at the beginning of the control by eliminating the reaching mode, so the good global robustness can be got. Generally, the global sliding mode surface is composed of the linear sliding surface and the nonlinear function. And the nonlinear function term is generally designed as an monotonic exponential decay function. However, the monotonic exponential decay function will decay to zero only when time tends to be infinity, so the evolution time of the sliding surface is longer. In this paper, a new nonlinear function, instead of the monotonic exponential decay function, is designed for the servo motor driving system to improve the response speed of the carbon fiber multilayer diagonal loom. The new dynamical sliding mode surface can evolve into the linear sliding mode surface in the finite time. In this way, the transient process time can be shortened and the weaving efficiency of the loom is improved.
II. SYSTEM DESCRIPTION
A time-delay discrete system can be described as:
Where, A is n × n nonsingular constant matrix. Set:
The system in Eq. (1) can be described as:
Thus, the time-delay system can be translated into a conventional system without time-delay. Considering the external disturbance and the internal parameter disturbance, a discrete-time uncertain system can be described as:
where, x ∈ R n , u ∈ R m , A and B are n×n and n×m matrixes, (A, B) is controllable, A and B are the internal parameter disturbance of the system, and d(k) is the external disturbance. The internal parameter disturbance and the external disturbance can be equivalent into a disturbance term D(k):
Thus, the equation above can be expressed as:
III. IMPROVED GLOBAL SLIDING MODE SWITCHING FUNCTION
The dynamic characteristics of the global sliding mode variable structure control are determined by the switching function. Different from the continuous system, any initial state of the discrete system can fall into the global sliding mode switching band, and the two sample points at the adjacent time distribute at both sides of the switching surface. The motion is called the non-ideal quasi-global sliding mode of the discrete-time variable structure control [14] . The phase diagram of the control system can be shown in Fig. 1 . There are two states, M and N, in the converging process that the system converge to the origin point along the switching surface. One state M represents the ideal quasi-global sliding mode, and the other state N represents the non-ideal quasi-global sliding mode. No matter what kind of state, The system can converge to the equilibrium region of the discrete system along the switching surface.
The global sliding mode switching function in [16] is chosen as:
where, C = [C 1 , C 2 ] is the sliding mode coefficient matrix, and both C 1 ∈ R m×(n−m) and C 2 ∈ R m×m are invertible matrixes. The sliding mode coefficient matrix can be chosen according to the method in [16] . E(k) is the decay function matrix:
where, E 1 (k) = diag{e 1 , e 2 . . . e n−m } and E 2 (k) = diag{e n−m+1 , e n−m+2 . . . e n }. Generally, the decay function in the switching function is chosen as an exponential decay function form. For instance, the exponential function is chosen as f (t) = exp(−pt), and its discrete form is expressed as f (k) = exp(−pk). In the conventional global switching function, set e i (k) = f (k) = exp(−pk), that is, e i (k) is designed as the discrete monotone decay function. Thus, s(x(0)) = 0, which can make the initial state of the system fall into the quasi-sliding mode switching band. In this way, the reaching mode can be eliminated, which make the system have the global robustness.
In the global sliding mode control, e i (k) is chosen as the discrete exponential decay function which satisfies the following three conditions [11] :
Condition 1: f (0) = 1; Condition 2: When t → ∞, f (t) → 0; Condition 3: f (t) has the first derivative. The discretization exponential function f (k) can still have a smooth change trend of the continuous function f (t). Thus, with the increasing of the time k, the switching function in Eq. (7) will be decayed. When k → ∞, the switching function will evolve into a switching function through the origin point. However, according to the condition 2 above, it can be seen that the evolution of the switching function needs a longer time. That is, it can not complete the evolution in a finite time, which slows the dynamic response. In order to speed up the evolution speed of the switching function, a new decay function, which not only meets the three conditions above but also can decay to zero in a finite time, is designed to make the switching function complete the evolution in a finite time.
Two functions are chosen as:
where, a(t) and b(t) are time-varying parameters. As the time t increases, f 1 (t) and f 2 (t) can separately approach to zero from 0 − and 0 + . When the parameters are chosen appropriately, the condition, |f 1 (t)| = |f 2 (t)|, t ≥ t z , can be meet. Thus, the decay function can be designed as:
The form of the function f (t) is shown in Fig. 2 . From Fig. 2 , the decay function f (t) is composed of the f 1 (t) and f 2 (t). The function is smooth function and decay to zero at t = t z . The function f (t) should meet the three conditions above.
According to the condition 1:
Obviously, the function f (t) meets the condition 2. In order to meet the additional condition that f (t z ) = 0:
Thus:
Therefore, the decay function f (t) can be expressed as:
In order to meet the condition 3, that is, the left derivative should be equal to the right derivative at t = t z :
Thus, the parameters of the function should meet the constraint condition:
where α 1 = α 2 . When the parameters α 1 , α 2 , α and c are chosen, the parameter t z can be determined by numerical solution method.
Considering the global discrete sliding mode switching function, set e i (k) in Eq. (8) as e i (k) = f (k). Thus, the parameters of the function f (k) can be set as:
So,
Compared with the monotonic exponential decay function, the function f (k) is composed of f 1 (k) and f 2 (k). And the functions can decay to zero at the given time k z , which can accelerate the initial dynamic sliding mode to evolve into the linear sliding mode. At the given time k z , the dynamic sliding mode switching band becomes the linear sliding mode switching band. Thereafter, the system go through the band to converge to the desired point. Compared with the conventional global sliding mode, the system can have faster dynamic response because the switching function can complete its evolution in the finite time.
The parameters of e i (k) should meet the constraint condition:
where
For instance, when the parameters are set as: c = 0.5, α 1 = 2, α 2 = 0.1 and α = 0.6, the parameter k z can be determined as k z = 5 by the numerical solution which is shown in Fig. 3 . 
IV. IMPROVED GLOBAL SLIDING MODE CONTROL LAW
The sliding mode switching function in Eq. (7) is used in the improved global sliding mode control, and the discrete exponential reaching law is used to design the control law u(k):
where, ε > 0, q > 0, 0 < qT < 1 and T is the sampling period. The bound of the interference
According to Eq. (6), Eq. (7) and Eq. (25), the control law u(k) can be described as:
Lemma 1: When the sampling time T is small, the condition of the existence and the reachability of the discrete sliding mode can be described as:
and
According to Eq. (25),
Meanwhile, when the sampling time T is very small, 2 − qT >> 0, then,
Thus, it can be seen that the reaching law above meets the condition of the existence and the reach ability of the discrete sliding mode.
V. SYSTEM SIMULATION RESULTS
According to Eq. (6), a discrete system is given as:
where, D(k) = 0.0 sin(kT ). The control law are designed according to Eq. (26). The parameters of the reaching law is set as: q = 10, ε = 0.5 and the sampling time T = 0.001. The parameter of the conventional global sliding mode control p = 2, and the parameters of the method proposed in this paper are set as:
Comparison results of the two methods, the conventional global sliding mode control method (GSMC) and the improved global sliding mode control method (IGSMC), are shown in Fig. 4 . From Fig. 4 , compared with the conventional global sliding mode control, the switching function of the method proposed in this paper can complete the evolution in a finite time, which can accelerate the dynamic response speed and reduce the time of the transition process.
VI. APPLICATION IN CARBON FIBER MULTILAYER DIAGONAL LOOM
The angle weaving technology is a newly developed composite frame weaving technology derived from the multilayer warp weaving technique. To study the multilayer weaving technology for the carbon fiber, an angle weaving equipment with complete independent intellectual properties is designed. As shown in Fig. 5 , the equipment consists of the multi-beam let-off system with constant tension controller, opening system, weft insertion system, beating-up system and take-up system. The multi-shaft warp system with sixty warp rollers and sixty warp servo motor controllers is designed for keeping the tension of warp stable in the let-off system.
The servo motor driving system is a typical DC motor system. The servo motor control positioning is often affected by the drive shaft bearing and the voice-coil motor due to the mechanical resonance in the system and its high frequency uncertainty. The method proposed in this paper is used to control the accurate output position of the sixty servo motors in order to achieve the purpose of accurately controlling the warp tension and driving motors synchronization.
The state equation of the servo motor driving system can be described as:
where, T is the sampling period, x(k) = σ ν , σ and ν respectively represent the displacement and velocity of the servo motor. When the parameters of the system are given, a practical example can be described as:
where, d(k) = 0.0001 sin(kT ), the parameters of the reaching law q = 10 and ε = 0.5, and the sampling time T = 0.001. The control parameter of the conventional global sliding mode control p = 2 and the parameters of the method proposed in this paper are set as:
.06, α = 0.6, and k z = 4. Two methods, the conventional global sliding mode control method (GSMC) and the improved global sliding mode control method (IGSMC), are separately used to control the system in Eq. (33). The simulation results are shown in Fig. 6 :
From the simulation results, the switching function of the method proposed in this paper can evolve into the linear sliding mode surface at the given time, so the faster system response can be obtained, and the dynamic control performance of the system can be improved.
VII. CONCLUSION
A new discrete global sliding mode switching function is constructed and a new global sliding mode control method is proposed to improve the control performance of the discrete time system. The dynamic sliding mode surface of the method proposed in this paper can evolve into the linear sliding mode surface at the given time. The results of the simulation show that the method can accelerate the response speed of the system and reduce the transition process time. Compared with the conventional global sliding mode control method, the new method proposed in this paper can improve the control performance. This method is applied in the carbon fiber multilayer diagonal loom for keeping the tension of warp stable, and good control results can be obtained.
WEI LIU received the B.E. degree in computer application technology from Shenyang Polytechnic University, Shenyang, China, in 1999, and the M.Sc. degree in computer application technology from Tianjin Polytechnic University, Tianjin, China, in 2010. She is currently pursuing the Ph.D. degree in the textile machinery design and automation with Tianjin Polytechnic University. Her research interests include detection technology, intelligent control, and computer applications of control methodologies.
GUOWEI XU received the Ph.D. degree in textile engineering from Tianjin Polytechnic University, Tianjin, China, in 2015, the M.Sc. degree in electrical and electronics from the Shenyang University of Technology, Shenyang, China, in 2000. His research interests include process control, neural networks, and computer applications of control methodologies.
XIUMING JIANG received the B.E. degree in textile engineering from Tianjin Polytechnic University, Tianjin, China, in 1982, and the M.Sc. degree in textile machinery design and automation from Tianjin Polytechnic University, Tianjin, China, in 1987. His research interests include mechanical design and theory and textile machinery design and automation. VOLUME 5, 2017 
